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Annotation. Humic substances (HS) are an essential component of soil organic matter and are
considered a promising basis for the development of environmentally safe bioproducts used in
sustainable agriculture. In the context of global soil degradation and the increasing demand for
enhanced productivity of agroecosystems, interest in natural compounds capable of improving soil
fertility and stimulating plant growth is steadily growing. This review summarizes current scientific
data on the origin, structure, physical and chemical properties, as well as biological activity of humic
substances, as well as their role in the functioning of soil ecosystems. It is shown that humic
substances are formed during the humification of organic residues and are characterized by a complex
molecular structure containing various functional groups that ensure their high chemical and biological
activity. Due to their ability to participate in complexation, ion exchange, and electron transfer
processes, humic substances regulate key soil processes, including nutrient cycling, carbon
sequestration, soil structure formation, and detoxification of pollutants. Particular attention is given to
the physiological effects of humic substances on plants. It is demonstrated that they exhibit hormone-
like properties, stimulating root system development, activating metabolic processes, and increasing
plant resistance to abiotic stress. In addition, humic substances enhance the bioavailability of macro-
and micronutrients, improve soil water retention capacity, and promote the activity of soil microbiota.
The review also examines modern methods for obtaining humic acids from natural carbon-containing
materials, including chemical, mechanochemical, hydrothermal, biochemical methods, as well as
process intensification techniques using ultrasound, microwaves, and electromagnetic fields. The
advantages and limitations of various technologies, as well as their environmental aspects, are
discussed. Thus, humic substances are considered multifunctional natural compounds with significant
potential for improving soil fertility, enhancing the sustainability of agroecosystems, and developing
biologically active products for agriculture. Their use opens new opportunities for the advancement of
environmentally oriented agricultural technologies and for addressing current challenges in food
security and environmental protection.

Keywords: humic substances, humic acids, soil organic matter, plant biostimulants, soil
fertility, sustainable agriculture.
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Introduction. Review of Humic Substances. Humic substances (HS) represent a
complex and heterogeneous group of organic compounds formed during the decomposition of
plant and animal residues in soil. They play a key role in maintaining the health of soil
ecosystems by influencing soil structure, water retention capacity, nutrient cycling, and
microbial activity. This review summarizes data from a wide range of peer-reviewed studies,
meta-analyses, and recent advances in soil chemistry and agricultural sciences. The literature
considered includes both classical works that established the fundamental chemical and
biological properties of HS and contemporary studies investigating their application for
improving crop productivity and the sustainability of agroecosystems. Scientific databases
such as Web of Science, Scopus, and Google Scholar were used for the analysis. The
selection of publications was carried out using key terms including “Humic Substances,”
“Humic Acids,” “Fulvic Acids,” “Humin,” and “Organic fertilizers from HS.” The review
highlights the multifaceted effects of HS: they contribute to the improvement of soil structure,
stimulate microbial activity, enhance plant stress tolerance, and increase nutrient uptake
efficiency. Particular attention is given to their potential role in organic farming, carbon
sequestration, and biodiversity conservation. The integration of historical data with recent
research provides a comprehensive understanding of the importance of HS for sustainable
agriculture and their environmental impacts.

Relevance of Soil Degradation Issue. Soil degradation is one of the most pressing
global challenges, as it is currently estimated to affect one-third of the Earth’s land surface,
resulting in the loss of approximately 24 billion tons of fertile soil annually [1]. If this trend
continued, it may lead to a 12% reduction in food significant increase in food prices over the
next 20 years [2]. Soil degradation is associated with long-term consequences, whereas soil
restoration requires the rapid implementation of cost-effective strategies [3].

Therefore, timely and economically efficient soil restoration strategies are of critical
importance. One promising approach is the use of humic substances (HS), which can enhance
soil carbon sequestration by stabilizing carbon in solid or dissolved forms, thereby preventing
its release into the atmosphere. As part of the Paris Climate Agreement, the “4 per 1000”
initiative advocates for an annual increase of 0.4% in soil carbon levels, aiming to combat
climate change, improve global food security, and reduce CO: accumulation in the
atmosphere [4]. HS, formed through the humification and carbonization of natural
carbonaceous materials (NCM) such as lignite, brown coal, leonardite, and peat, plays a key
role in soil ecosystems [5].

The formation of soil organic matter (SOM) under natural conditions occurs through
the prolonged process of humification, where organic matter decomposes over extended
periods of time [6]. However, decreasing humus content — mainly due to intensive farming
and continuous fertilizer input — has led to the necessity of artificially producing humic
substances (HS) in order to preserve soil fertility [7].

As the main constituent of soil organic matter, humic substances (HS) account for 60-
80% of total SOM, constitute 50-80% of dissolved organic matter in aqueous environments,
and about a quarter of the organic matter in groundwater [8]. These substances improve soil
water-holding capacity, regulate soil macroaggregation, contribute to carbon sequestration,
and influence soil microbiome dynamics. In addition, biologically active natural products,
including HS, accelerate plant growth, shorten developmental periods, increase crop yields,
stimulate the synthesis of phosphorus-containing and protein compounds, enhance respiration
and cell proliferation, and promote biomass accumulation through intensified nutrient uptake.
They also positively affect animal health by increasing weight gain and fertility and
significantly stimulate the growth and reproduction of protein-producing yeasts.

The Role of Humic Substances in Sustainable Agriculture. The global agricultural
sector is facing unprecedented challenges in the 22st century: according to projections, the
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world population will reach 9.7 billion by 2050, requiring a 70% increase in food production
[9]. At the same time, agriculture must address environmental issues, cope with resource
scarcity and the impacts of climate change, while maintaining the economic sustainability of
farming systems.

Effective management of soil organic matter through sustainable agricultural
practices— such as crop rotation, mulching, intercropping, as well as the application of
artificial soil conditioners, including humic products, biochar, and biocompost—plays a key
role in maintaining soil fertility and mitigating climate change impacts [2]. Practices such as
crop rotation, reduced tillage, organic farming, and agroforestry contribute to improving soil
health and enhancing its resilience to external stresses [10].

Recent studies emphasize the importance of integrating humic substances with organic
fertilizers for sustainable soil management. This combination enhances soil fertility, improves
nutrient availability, and stimulates microbial activity. In particular, the combined application
of HS with compost or biochar increases the stability of soil organic matter and the efficiency
of nutrient cycling, thereby positively affecting plant growth and crop yields [11,12].

The synergy between HS and organic additives promotes the formation of stable soil
aggregates, improves soil water retention capacity, reduces erosion, and enhances the
bioavailability of key nutrients such as nitrogen and phosphorus, while simultaneously
decreasing the washout of harmful compounds, thereby contributing to the environmental
sustainability of agroecosystems [13].

Characteristics of Humic Substances. Humic substances (HS) are natural high-
molecular-weight organic compounds formed during the humification of plant biomass under
the influence of biological and chemical factors. The main industrial sources of humic
substances include leonardite and lignite, as well as natural organic substrates (such as
compost and vermicompost) [14].

Humic substances are formed as a result of the decomposition and transformation of
residues of living organisms, predominantly of plant origin [15]. Once organic matter is
released into the environment, its more stable components can persist due to structural
irregularities and the formation of mineral complexes [16]. Humic substances (HS), formed
through stochastic synthesis, represent chromogenic and structurally diverse organic materials
commonly found in soils, aquatic systems, and coal-related natural deposits, including peat,
leonardite, and lignite [17]. These high-molecular-weight compounds, with molecular masses
ranging from 600 to 300,000 Da [18], consist of a variety of chemical components, including
aromatic structures such as benzene, quinoline, pyrrole, pyridine, and furan. The structure of
HS includes bridging groups such as — O —, -NH-, - N =, -CHz-, and -C=C-, with predominant
functional groups including carboxyl, phenolic, amino, quinone, and methoxy groups [4].

Humic substances are conventionally classified into humic acid (HA), which are
soluble under alkaline conditions but insoluble in acidic media; fulvic acids (FA), which are
soluble in both acidic and alkaline environments; and humin, which is insoluble in both
(Figure 1). The chemical structure of HS includes aromatic rings linked to aliphatic chains,
which vary depending on their origin. Fulvic acids are characterized by lower molecular
weight and higher oxygen content, but lower carbon and nitrogen content compared to humic
acids and humin[18].

The solubility of humic acids (HA) depends on the pH of the medium. Under alkaline
conditions, HA is deprotonated, leading to the formation of hydrophilic anionic groups such
as carboxylates and phenolates, which are soluble in solution. In acidic media, HA
precipitates due to protonation and an increased concentration of hydrogen ions [18]. As the
pH decreases, electrostatic repulsion between functional groups is minimized, leading to a
more compact molecular structure and resulting in the precipitation of humic acids in acidic
conditions [19].
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Figure 1 — Main fractions of HS and their characteristics

Under these conditions, the hydrophobic regions of humic acids (HA) orient inward,
while the hydrophilic parts interact with the surrounding environment. This behavior imparts
surfactant-like properties to HA, enabling the formation of micelle-like structures that reduce
surface tension. The process begins with intramolecular aggregation, followed by
intermolecular aggregation, ultimately leading to the precipitation of HA under acidic
conditions [18].

Depending on their source, HA contain various functional groups, including carboxyl,
hydroxyl, (both aliphatic and aromatic), quinone, and amino groups [20]. The presence of
carboxylic and phenolic groups confers acidic properties to HA [21]. The C/N ratio is a key
characteristic of humic acids (HA). Due to microbial activity, decomposition processes, and
condensation reactions with amino compounds in soil, natural HA is enriched with nitrogen
compared to synthetic HA. Understanding the characteristics and differences between
synthetic and natural HA is essential for their diverse applications, given the similarities in
their structure and formation mechanisms [22].

Since several organic fragments present in HS participate in redox processes, donor—
acceptor electron transfer mechanisms, adhesion, and pH regulation [16], HS directly induce
multiple biotic and abiotic reactions, contributing to microbial respiration, enhanced soil
fertility, transformation of xenobiotics, and metal bioavailability [23]. In particular, the use of
HS to improve crop yield and soil quality has attracted significant attention due to the urgent
need for environmentally friendly organic fertilizers as alternatives to conventional NPK-
based chemical fertilizers (nitrogen, phosphorus, and potassium) [24]. Despite containing
insufficient amounts of essential NPK nutrients [16], HS are widely used as soil amendments
and plant growth biostimulants [24,25]. This is attributed to their ability to enhance soil
organic carbon sequestration, especially in agricultural soils experiencing continuous organic
matter depletion [26].

Incorporating humic substrates into the soil enhances crop yields by introducing
abundant oxygen-bearing functional groups that elevate soil acidity[23]. Consequently,
macronutrients-especially phosphorus-show increased bioavailability due to the greater
solubility of phosphorus under acidic conditions [27,28].

HS possess high molecular weight and exhibit strong adhesive properties due to
oxygen containing functionak groups, which promote soil particle aggregation and,
consequently, increase crop yields [29]. Patterns of aggregation have been shown to depend
on both soil type and the origin of HS [29]. Notably, HS are capable of directly stimulating
plants by modulating the expression of genes and functional proteins [23]. Experimental
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evidence of the penetration of HS components into plant roots has been demonstrated using
microautoradiography demonstrated using microautoradiography [30]. Although the precise
mechanisms by which humic substances (HS) cross the root surface(rhizoplane) are not fully
understood, their transport seems to depend on the molecular size distribution of HS
components [23]. Once absorbed, movement from roots to shoots occurs primarily through
transpiration [30]. Additionally, certain active functional proteins-including high-affinity K*
transporter 1, phospholipase A2, and H*-ATPase-are known to be modulated by HS [31].

Further research is required to determine how HS components influence the activity of
such enzymes; however, two plausible mechanisms can be considered. First, oxygen-
containing functional groups in HS can alter the pH of the cellular microenvironment, thereby
affecting the activity of membrane proteins. In particular, the alkalinization of root cell
membranes induced by the H+/NOs- symporter may be neutralized by the acidity of HS [23].
Second, the non-specific adhesive properties of HS are likely to facilitate interactions with
functional proteins, which may result in either activation or deactivation. This hypothesis is
supported by experimental evidence demonstrating the ability of HS to physically encapsulate
proteins via electrostatic interactions in vitro [16].

Humic substances (HSs) also contain inorganic components that play an important
role in the formation of their structure and in their functional performance in soils. These
components include minerals, metals, and various elements incorporated into the humic
structure through adsorption, complexation, and co-precipitation processes.

In addition, HSs are capable of accumulating trace elements such as zinc (Zn), copper
(Cu), and manganese (Mn), as well as heavy metals including lead (Pb) and cadmium (Cd),
and metalloids such as arsenic (As). Through chelation processes, these elements are
converted into less mobile forms, thereby reducing their bioavailability and potential toxicity
in soils [32].

Studies have also demonstrated the ability of humic substances of different origins to
reduce Cr(VI) to Cr(Ill). Peat-derived humic substances exhibit higher reductive activity,
whereas coal-derived HSs are characterized by a more prolonged but less intense reduction
effect [33].

Multistimulatory Effects of Humic Substances on Plant Growth and
Development. In recent years, plant growth regulators—adaptogens, including humic
substance (HS) — based compounds—have become widely used in agriculture. Numerous
studies have demonstrated that HS exert multistimulatory effects on plant physiological
processes, including seed germination, root system development, and tolerance to abiotic
stress [31,34].

Humic substances act as natural growth stimulants, directly affecting cellular signaling
pathways, regulating enzymatic activity, and optimizing soil-plant interactions. Unlike
conventional mineral fertilizers, they provide an environmentally safe approach to enhancing
crop productivity [35].

The effects of HS on plants are realized through two main mechanisms: an indirect
mechanism—yvia modification of the physical and chemical properties of soil—and a direct
mechanism—through their influence on plant physiological and metabolic processes. Studies
[36] have shown that HS and their fractions positively affect both primary and secondary
metabolic pathways in plants under laboratory as well as field conditions.

Humic substances have emerged as important regulators of root growth, plant
development, and adaptation to environmental factors. Recent studies indicate that humic
substances function as signaling molecules, influencing root system architecture, nutrient
uptake efficiency, and plant stress adaptation mechanisms [37].

In addition, HS play a significant role in accelerating seed germination. Germination
of several plant species, such as maize [38], Arabidopsis thaliana [39], and rice [40], is
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enhanced in the presence of HS. Phenolic fragments incorporated into the structure of humic
substances are considered one of the key factors determining the stimulation of seed
germination [38].

It should be noted that low-molecular-weight phenolic compounds, such as p-
coumaric acid and p-hydroxybenzoic acid, which are widely distributed in soil, exert a
pronounced inhibitory effect on seed germination by disrupting glycolysis and the oxidative
pentose phosphate pathway [41], whereas polymerized phenolic compounds structurally
similar to humic substances promote seed germination [39]. According to the authors, the
observed contrasting effects are associated with the degree of humic substances is a critical
factor controlling phenolic-induced enzyme inhibition. Moreover, inhibitory effects of humic
substances on seed germination have been reported at defined concentrations [39]. As shown
in studies [42,43], HS significantly promotes root growth and strengthening in agricultural
crops, particularly enhancing lateral root proliferation. Three primary mechanisms have been
suggested to root stimulation. The first involves hormone-like organic constituents, such as
auxin-type compounds, which can trigger specific hormonal signaling pathways in plants.
Auxin-like moieties have been detected within organic fractions of humic substances derived
from vermicompost [42]. Nevertheless, studies employing humic substance analogues
produced through the polymerization of well-characterized low-molecular-weight phenolic
compounds, which lack a definitive auxin structure, indicate that the overall arrangement of
functional groups within humic substances-particularly phenolic and carboxylic moieties-may
play a more decisive role [39].

A more detailed analysis shows that structural characteristics associated with root
initiation and growth differ. Garcia et al. reported that labile, highly functionalized organic
groups are mainly involved in root initiation, whereas more stable and less functionalized
fractions predominantly contribute to root elongation [44]. In addition, specific structural
motifs capable of selectively enhancing root system development have been identified. In
particular, the aliphatic hydroxyl group of lignin plays a key role in promoting maize seedling
development without affecting germination rate [45]. Secondly, humic substances stimulate
the production of nitric oxide, which in turn enhances the formation and growth of lateral
roots. The observation that nitric oxide scavengers, rather than auxin pathway inhibitors,
effectively suppress humic substance-induced root development suggests the involvement of
auxin-independent signaling mechanisms [43]. Thirdly, an increase in the expression of
proteins related to energy metabolism has been observed, indicating that enhanced metabolic
activity may contribute to root cell proliferation [46]. Collectively, these two latter
mechanisms suggest that nitric oxide and energy metabolism-related proteins are key
biological determinants of root development. However, the specific structural components of
humic substances responsible for triggering these processes remain insufficiently investigated.

Experimental studies provide further evidence of the stimulatory effects of HS on
plants. Foliar application of HS solutions improved photosynthetic activity in peppermint
(Mentha piperita L.), while the combined use of HS with chemical fertilizers and inoculation
with the mycorrhizal fungus Funneliformis mosseae enhanced plant biochemical parameters
[47]. Other studies have reported increased chlorophyll content in maize leaves following
foliar application of HS under both water-deficient and optimal moisture conditions. These
findings demonstrate the practical benefits of HS for improving crop productivity and
resilience, as well as their positive impact on soil condition and reduction of environmental
burden.

Methods for Obtaining Humic Acids. Due to their high ash and moisture content,
elevated levels of volatile substances, and low calorific value, natural carbonaceous materials
are of limited interest as solid fuels. However, their high content of humic substances makes
them attractive as raw materials for the production of humic acids.
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Technologies for the extraction of humic acids from natural carbonaceous materials
comprise a range of approaches, including conventional extraction methods and those
enhanced by physical intensification techniques, such as hydromechanical, ultrasonic, and
electrodynamic treatments, as well as their combined applications. Additional approaches
include oxidative processes, hydrothermal conversion, and mechanochemical activation [48].

To systematize existing technologies for the production of humic acids from various
natural carbon-containing materials, the main methods, their underlying principles, and
technological features are presented in Table 1.

Table 1 — Comparative characteristics of the main methods for obtaining humic acids from

natural carbon-containing materials

Method of | Main raw | Process principle Advantages Limitations
production materials
Alkaline Leonardite, Dissolution of humic | High yield, | Possible
extraction brown  coal, | substances in an alkaline | technological modification of
peat medium followed by | simplicity, and | humic substance
precipitation upon pH | widespread structure and the
reduction application use of chemical
reagents
Acid—alkaline | Peat, lignite Preliminary acid | Production  of | Additional
extraction treatment to remove | purer humic | process steps
mineral components | acids
followed by alkaline
extraction
Mechanochem | Brown coal, | Disruption  of  raw | Increased yield | Requires
ical activation | leonardite material structure by | of humic acids | specialized
mechanical action with | and reduced | equipment
activation of chemical | reagent
reactions consumption
Hydrothermal | Biomass, Treatment  of  raw | High efficiency | High energy
treatment organic waste | material with subcritical | of organic | consumption
water at  elevated | structure
temperature and | disruption
pressure
Biochemical Compost, Biodegradation of | Environmentally | Long processing
method organic waste | organic  matter by | safe process time
microorganisms  with
the formation of humic
compounds
Ultrasonic Peat, brown | Cavitation effects of | Intensification Possible
extraction coal ultrasound accelerating | of the extraction | structural
the breakdown of raw | process degradation  at
material structure high power
Microwave- Peat, coal Rapid  heating and | Reduction of | Requirement for
assisted structural decomposition | extraction time | specialized
extraction of organic material equipment
under microwave
irradiation
Electrochemic | Carbon- Oxidation of organic | Increase in the | Strict control of
al method containing substrate in an electric | number of | process
materials field functional conditions is
groups and yield | required
of humic acids
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Extraction processes for obtaining humic acids (HA) include acid—alkaline extraction,
acid precipitation, extraction using organic solvents, and extraction employing ion-exchange
resins [19]. Each of these extraction methods has both advantages and limitations. For
instance, acid extraction is relatively simple and cost-effective; however, it leads to a high
level of impurities in the final product and considerable atmospheric emissions, rendering it
environmentally unfavorable for both research and practical applications [49]. Notably, when
acid extraction is applied as a pretreatment step prior to alkaline extraction, the resulting
humic acids are characterized by higher molecular weight, reduced nitrogen and carbon
contents, and increased oxygen and hydrogen contents compared with those obtained through
alkaline extraction alone. According to the authors, this effect is attributed to the removal of
low-molecular-weight compounds during the acid pretreatment stage [50].

A leaching-acid precipitation approach is among the most commonly employed
approaches for the extraction of humic acids from natural carbonaceous materials. Humic
substances can be fractionated into fulvic acids (FA), brown humic acids, gray humic acids,
and humin according to their solubility across different pH ranges and concentrations [51].FA
are soluble over the entire pH spectrum, whereas brown and gray humic acids are soluble
within the pH range of 2 to 7, while humin remains insoluble under all pH conditions [52]. A
wide range of chemical reagents is utilized in these processes, including sodium and
potassium hydroxides, ammonia, soda, sodium fluoride, sodium acetate, sodium oxalate,
sodium pyrophosphate, ammonium oxalate, as well as organic solvents such as acetyl
bromide, aqueous dioxane, furfural, and amines [53]. However, reagent-based extraction
methods present notable limitations, as alkaline treatment may alter the structure of humic
substances, reduce their biological and chemical activity, and disrupt their native
configuration. In addition, a fraction of HS remains insoluble in water.

The mechanochemical method for humic acid (HA) extraction is based on the
dispersion of humate-containing raw materials with the simultaneous incorporation of
chemical reagents. Mechanical fragmentation of the feedstock increases the interfacial contact
area, generates new pores and capillaries, and renews the reactive surface between phases.
The addition of specifically selected reagents further enhances the yield of target compounds.
Mechanochemical activation improves the reactivity of humic acids through solid-state
processing using equipment such as ball mills and mechanical activators. This process leads
to the formation of paramagnetic centers in natural carbonaceous materials and promotes the
generation of reactive oxygen species and hydroxyl radicals on particle surfaces, cleavage of
chemical bonds [54]. Ball milling modifies the catalytic transition state, thereby facilitating
more complete interaction with the initial raw material. Mechanochemical activation increases
the activity of HA through solid-phase treatment using devices such as ball mills and
mechanical activators. This process generates paramagnetic centers in natural carbonaceous
materials, producing reactive oxygen species and hydroxyl radicals on the particle surface
through the cleavage of various chemical bonds [54]. Ball milling alters the catalytic
transition state, ensuring complete interaction with the initial raw material. The main
advantage of the mechanochemical method is the reduction in the use of chemical reagents
and the acceleration of the overall process time [55].

Mechanochemical activation of humic acids using nanocatalysts represents an
environmentally sustainable alternative approach that enhances humic acid activation, thereby
improving their solubility and functional efficiency in agricultural applications. In such
systems, conventional chemical oxidants, are replaced by engineered nanocatalysts designed
to increase the yield of target products. A range of nanocatalysts has been reported, including
3D-MoS.-HN [56], DS-Fe-N HC [40], TiO.—WOs [57], FesO«/LaNiOs [58], and a-
MnOq/kaolinite [59], typically applied at low dosages (less than 1%) in combination with
alkaline reagents. Nanocatalyst-assisted mechanochemical activation also enables the
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synthesis of nitrogen-enriched humic fertilizers, for example, via extrusion processes [40].
This strategy promotes the formation of additional functional during activation, leading to
improved water retention capacity, enhanced nitrogen uptake by plants, and reduced nitrogen
losses to soil and water systems.

Hydrothermal conversion is primarily based on the principle that subcritical water
extraction can dissolve organic matter [60]. This method employs high-temperature
subcritical water as the reaction medium, offering technical advantages such as high energy
efficiency, short reaction times, high yields, and efficient product separation [61]. The process
operates under subcritical conditions, where the critical temperature and pressure of water are
374°C and 22.1 MPa, respectively. Typically, hydrothermal processes are conducted at
temperatures above 230°C and under high pressure (2—10 MPa), enabling efficient processing
of organic waste [62]. The pressure generated by subcritical water maintains it in the liquid
phase, allowing it to function as a polar organic solvent. An increase in temperature during
hydrothermal processing reduces water viscosity, density, and dielectric constant, weakens
hydrogen bonding, and increases its ionization constant [63]. As a result, water becomes an
effective extracting solvent and a powerful catalyst capable of penetrating substrate pores. At
temperatures of 200, 300, 370, and 500°C, the solubility of water becomes comparable to that
of methanol, acetone, methylene chloride, and hexane at 25°C. As the temperature decreases
below the critical point, the density and dielectric constant of water decrease, while the
dissociation constant (Kw) reaches a maximum at approximately 250°C [63]. The reduction
in dielectric constant lowers water polarity, facilitating the dissolution of nonpolar polymers.
The weakening of hydrogen bonds increases the ionic product and dissociation of water,
leading to the formation of higher concentrations of hydronium (HsO") and hydroxide (OH")
ions. Under hydrothermal conditions, the main reactions include intramolecular hydrolysis
and dehydration, decarboxylation (resulting in CO-, amines, and hydrocarbons), deamination
(yielding NH; and organic acids), as well as condensation, aromatization, and polymerization
processes (conversion of alkanes and alkenes into hydrochar) [64]. The formation of CO:
during hydrothermal carbonization, accounting for approximately 2% of total carbon, also
contributes to increased pressure. However, increasing the alkalinity of the process can
suppress the formation of gaseous products to nearly zero, retaining carbon in the solid and
liquid phases [65]. Hydrothermal treatment can be applied to disrupt the macromolecular
structure of natural carbonaceous materials and increase the number of oxygen-containing
functional groups, followed by the extraction of humic acids [66].

Biochemical methods are based on the alkaline extraction of humic substances (HS)
from soil, followed by purification using microorganisms. Study [67] describes a method for
producing liquid humic fertilizers through the bacterization of HS with microbial strains
capable of modifying organic matter and degrading the internal structure of peat or
vermicompost. Various microorganisms have been used for the extraction of humic acids
from natural carbonaceous materials, including Aspergillus oryzae, Polyporus versicolor,
Bacillus, Streptomyces flavus, Aspergillus flavus, Streptomyces fulvissimus, Penicillium,
Trichoderma citrinoviride, Poria monticola, fungal culture M13, and MWI fungi [68-71]. The
biodegradation of natural carbonaceous materials involves three main stages: solubilization,
depolymerization, and utilization [72]. Solubilization occurs in an alkaline medium as a non-
enzymatic process, whereas depolymerization proceeds enzymatically at pH values below 6
[68]. The efficiency of solubilization, largely dependent on oxygen availability, is a key factor
in microbial decomposition [73]. Therefore, oxidizing agents are typically used as a
pretreatment step to increase the degree of oxidation of the raw material, with nitric acid
(HNO:s) being particularly effective in enhancing microbial solubilization and increasing the
yield of humic acids [73]. In biological activation processes, the solubilization of natural
carbonaceous materials, dissolution of HS in water and alkaline media, and nutrient
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enrichment are considered key indicators for evaluating the efficiency of HA production [74].
Surfactants and oxidants may be applied to improve biological activation [69]. For example,
the combined use of Tween-80 as a surfactant and engineered strains of Phanerochaete
chrysosporium and Trametes versicolor enhanced the biosolubilization of weathered coal
while simultaneously reducing the molecular weight of humic substances [75]. Overall,
microbial methods for the activation of humic substances face several limitations, including
insufficient development of strain production technologies, long processing times, low yields,
and poor solubility of the resulting humic substances [76].

To address challenges such as low reaction rates, multistage processing, high
operating temperatures, and limited mass and heat transfer efficiency, process intensification
methods have been proposed to enhance extraction efficiency and reduce energy consumption
in the production of humic acids (HA). Various intensified extraction techniques, including
ultrasound, microwave irradiation, hydrodynamic cavitation, electrical discharge, as well as
electric and electromagnetic fields, have been investigated in studies [77-80]. For example,
HA extraction from peat using ultrasonic treatment with NaOH has been reported [81];
microwave-assisted extraction employing H20: has been applied for the production of fulvic
acids (FA) from brown coal (Fig. 2A) [82]; microwave extraction using a KOH—urea system
has been utilized to obtain humic substances from natural carbonaceous materials [83]; and
electrical discharge methods have been employed for the extraction of humic substances from
peat [84].
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Figure 2 — Production of HA from natural carbonaceous materials using process intensification
methods: (A) microwave-assisted extraction using H.O:; (B) integration of ultrasound with
oxidizing agents; (C) combined ultrasonic treatment and extraction; (D) application of an
electromagnetic vortex activator with ferromagnetic particles.

Among process intensification techniques, ultrasound has demonstrated high
efficiency in improving the extraction of humic substances, particularly the hydrophobic
fraction of fulvic acids. However, prolonged exposure and high ultrasonic intensity may
adversely affect extraction performance [85]. Ultrasonic treatment generates shock waves and
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microjets, which enhance mixing, induce cavitation, and promote the formation of highly
reactive species, including hydroxyl radicals, hydrogen peroxide (H:0:), and ozone, all
characterized by strong oxidative potential. The improvement in humic acid (HA) extraction
under ultrasonic treatment attributed to the increased number of active sites saturated with
potassium ions (K*), formed during KOH treatment. This facilitates HA dissolution in the
liquid phase through the disruption of hydrophobic interactions and hydrogen bonding, as
well as through improved chemical diffusion and mass transfer processes [86].

The combination of ultrasound with oxidizing agents represents an effective strategy
for the production of humic acids (HA) and fulvic acids (FA) from natural carbonaceous
materials, as illustrated in Fig. 2B. This approach not only enhances HA yield but also
shortens processing time and reduces the required concentration of oxidants [86]. Ultrasound
promotes the generation of OH radicals, which attack the molecular structure of the substrate
and incorporate oxygen into the HA structure, enriching it with active functional groups.
Moreover, this method does not involve direct CO- emissions, making it an environmentally
friendly alternative for converting natural carbonaceous materials into humic substances.
Ultrasonic treatment induces cavitation, leading to significant particle size reduction and
facilitating the release of water-soluble organic compounds into the liquid phase. The humic
substances transferred into the liquid phase exhibit elevated physiological activity and
enhanced reactivity in subsequent hydrothermal synthesis processes [87]. Ultrasonic
extraction is typically carried out using specialized devices in which both dispersion and
extraction of humic substances from humate-containing raw materials.

One of the promising approaches for the production of humic acids is the application
of electric and electromagnetic fields. The electric field generates an oxidative environment at
the anode, enabling intensive interaction with the substrate (Fig. 2C). During treatment,
substrate particles interact with the electrode surface, initiating oxidation reactions that
partially suppress the oxygen evolution reaction at the anode. The established oxidative
conditions promote the degradation of the macromolecular structure of the substrate through
the cleavage of chemically active bonds, accompanied by the formation of oxygen-containing
functional groups, including nitro and hydroxyl groups. This process leads to the formation of
oxidation products, among which humic acids are of primary importance. Furthermore,
electrochemical extraction facilitates the transformation of benzene and condensed aromatic
structures into phenolic hydroxyl and quinone groups. The increase in oxygen-containing
functional groups within humic acids enhances their solubility in alkaline media and
contributes to a higher yield of the target product. Due to the high oxidative potential of the
electrochemical system, bioresources with low initial humic acid content, such as compost
and peat, can also be effectively processed, resulting in a significant increase in humic acid
yield [88]. In electrochemical HA production methods, moderate oxidation is required to
achieve optimal yields; therefore, intensification of electrochemical oxidation under
controlled conditions is essential [89]. Electrode materials and the applied voltage play a
crucial role in determining the efficiency of humic acid (HA) production in electric field-
based processes. A range of anode materials, including Cu, Ni, Pb, and Pt, have been
investigated, resulting in the formation of HA along with by-products such as oxygen (O-),
carbon dioxide (CO:), and minor amounts of carbon monoxide (CO).

Humic acids can also be synthesized from various raw materials using electromagnetic
field technologies, such as vortex layer devices (Fig.2D). In this approach, the substrate is
combined with water at a moisture content of 75-95% and exposed to strong ferromagnetic
and hydromechanical forces. These forces induce intensive particle collisions, reducing their
size to below 15 um, with more than 80-90% of particles reaching this range. Such treatment
leads to structural disruption of the substrate and facilitates the release of humic acids. The
process can be conducted both in the presence and absence of alkaline or oxidizing reagents.
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The use of electromagnetic systems incorporating a vortex layer and ferromagnetic elements
enhances reaction kinetics, increasing reaction rates by 1.5-2 times, while simultaneously
decreasing reagent consumption and energy requirements by around 20%. During processing,
the temperature is typically maintained within the range of 60-90°C. This method is effective
for extracting humic acids (HA) and fulvic acids (FA) from a variety of sources, including
peat, sapropel, compost, vermicompost, brown coal, and leonardite, achieving yields of up to
19 and 30.8 g/L, respectively. The advantages of this technique include the formation of
nanoscale particles that prevent clogging of spray nozzles, relatively low energy consumption
(approximately 9.5 kWh, with a specific energy demand of 1.9 kWh/m?®), and the use of
compact equipment that can be readily integrated into existing fertilizer production systems.

Hydromechanical, cavitation, and acoustic effects are effectively utilized in rotary
pulsation devices and hydrodynamic cavitators [90-92]. Under physical treatment conditions,
hydrodynamic and hydroacoustic forces enable the extraction of humic substances (HS) from
raw materials without the use of chemical reagents. This approach enhanced the physiological
activity of humic products while maintaining a neutral pH in the resulting HS solution.
Consequently, reagent-free extraction methods allow the production of chemically pure and
environmentally sustainable products. Typically, HS extraction is performed in stirred
reactors under elevated temperature and pressure, accompanied by high flow velocities of the
extractant around solid particles [93].

Despite the generally lower yields of reagent-free extraction of HS into water
compared to conventional chemical methods, the obtained products, containing humic acids
(HA) and fulvic acids (FA)-are of considerable interest due to preservation of water-soluble
HS in their native, unmodified state. To improve the efficiency of reagent-free extraction,
preliminary particle size reduction of the raw material is required. The application of
hydromechanical and hydroacoustic methods is considered a promising approach, as
treatment of humate-containing suspensions results in particle size reduction and structural
modification of the material, thereby significantly facilitating the release of target compounds
from the raw material matrix.

Application of Humic Substances in the Agro-Industrial Sector. Humic
substances, particularly humic acids (HA), are extensively applied in agricultural and
industrial practices due to their complex chemical structure, the presence of reactive
functional groups, and their high functional efficiency [94]. They contribute to improved soil
fertility by enhancing soil aggregation, structural stability, and porosity, thereby facilitating
water infiltration, retaining nutrients, and promoting the chelation of micronutrients [4]. In
addition, HA positively influences soil properties by increasing water-holding capacity,
permeability, tolerance to salinity, cation exchange capacity, nutrient assimilation, and the
availability of soluble phosphorus [95]. In addition, humic acids play a significant role in
carbon sequestration processes by stimulating photosynthetic activity and increasing
microbial diversity. They enhance cell membrane permeability, serve as an energy source for
microbial respiration, reduce competition for nutrients, and support the proliferation of key
soil microbial groups, including Acidobacteria, Actinobacteria, and Bacteroidetes [16]. HA is
also actively in the remediation of soil contaminated with heavy metals and organic
pollutants, decreasing their toxicity and bioavailability through mechanisms such as
electrostatic adsorption, complex formation, ion exchange, reduction, hydrogen bonding, van
der Waals interactions, charge transfer, and hydrophobic interactions [96].

Humic acids stimulate plant growth by regulating plasma membrane transport
proteins, enhancing nutrient uptake and metabolic processes, and promoting root cell division
and elongation. Their low-molecular-weight fractions exhibit hormone-like activity by
influencing molecular signaling pathways [6]. The presence of oxygen-containing functional
groups in HA increases plant resistance to diseases by inhibiting pathogenic microorganisms
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due to their antimicrobial properties [95]. Furthermore, phenolic groups in HA act as
antioxidants, scavenging free radicals and protecting plants from oxidative stress.

Under alkaline conditions, carboxyl groups demonstrate pronounced antioxidant and
anti-inflammatory properties, whereas quinone structures facilitate plant recovery through the
generation of reactive oxygen species (ROS) [2]. Aromatic components of himic acids (HA),
characterized by O/C ratios of 0.2-0.4 and H/C ratios of 0.5-1, are associated with enhanced
plant tolerance to stress factors, including diseases, and with the activation of defense
mechanisms. Carbonyl C=0 functionalities present in carboxyl, hydroxyl, and quinone groups
contribute to the inhibition of pathogenic microorganisms [97].

The interdependence between chemical composition, physicochemical properties,
molecular structure, and the physiological activity of humic acids, as well as their functional
characteristics, has been extensively investigated in studies [25,44,98—104].

The physiological activity of HA is strongly influenced by their origin and the
distribution of functional groups. Humic acids derived from natural carbonaceous materials
typically exhibit higher molecular weight, lower carboxyl group (—COOH) content, and
higher aromatic hydroxyl (Ar—OH) content. In contrast, soil-derived HA is characterized by
a higher abundance of acidic functional groups, lower molecular weight, reduced aromaticity,
lower C/N ratios, and increased—COOH content [18]. Functional groups such as phenolic
hydroxyl, carboxyl, and carbonyl groups play a crucial role in interactions with clay minerals,
metal ions, and hydrated oxides [105], thereby governing nutrient retention and release
processes [96]. For instance, HA interacts with clay minerals through van der Waals forces,
hydrogen bonding, electrostatic interactions, and cation bridging, leading to the formation of
stable organo-mineral complexes that enhance soil aggregate stability [95].

Thus, the application of humic acids (HA) in agricultural systems enhances soil
fertility and contributes to increased crop productivity [106].

Humic acids (HA) are characterized by amphiphilic, polymeric, and hydrophilic
properties, along with pronounced complexation, ion-exchange, redox, and electron-transfer
capacities, which arise from the presence of phenolic, hydroxyl, carboxyl, and quinone
functional groups [107]. These characteristics largely determine the bioactivity of HA and
their ecological functions in soil and aquatic systems, contributing to soil health and
environmental stability [108]. Quinone groups are involved in the generation of reactive
oxygen species (ROS), while phenolic and carboxylic groups tend to deprotonate under
neutral and alkaline conditions, which underpins many of their agricultural applications.
Phenolic and quinone groups act as key electron donation and acceptance, acting as active
sites that regulate electron transfer processes in soil bioelectrochemical systems [109]. The
hydrophilicity of HA, along with the presence of hydroxyl and carboxyl groups, promotes soil
particle aggregation and enhances soil stability [4]. This, in turn, improves soil permeability
and water-holding capacity [8]. Carboxyl and phenolic hydroxyl groups in humic acids (HA)
are capable of forming complexes with metal ions, which modifies their activity and
solubility, decreases their mobility and toxicity, and promotes the release of nutrients,
ultimately enhancing soil fertility [2]. HA also exhibits ion-exchange capacity, whereby
negatively charged surfaces exchange ions with cations, enhancing nutrient retention and soil
fertility [95]. Moreover, the acidic functional groups of HA are able to dissociate hydrogen
ions and interact with multivalent cations present on clay surfaces, leading to the formation of
HA-metal-clay complexes [8]. These interactions improve key soil physical properties, such
as water-holding capacity, aeration, infiltration, and porosity, thereby increasing the
availability of essential mineral nutrients for plant growth [110]. Furthermore, oxygen-
containing functional groups in HA stimulate the decomposition of organic matter, which
enhances overall biological activity in the soil [6].

In addition to their agricultural applications, humic acids (HA) are widely used across
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various industrial sectors (Figure 2). They are employed as additives for fluid loss control and
as emulsifiers in water- and oil-based drilling fluids, contributing to viscosity reduction and
gel strength regulation [111,112]. HA also functions as a liquefying agent, deflocculant,
dispersant, and rheology modifier [113]. They are also incorporated into various formulations
to adjust the structure and characteristics of gels, including those used in soaps and
organoclay-based lubricants [112,113]. In construction-related applications, HA contributes to
controlling the stability, density, and sedimentation behavior of concrete, and is also utilized
in leather processing, woodworking industries. Additionally, they enhance the mechanical
properties of cementitious and ceramic materials [111]. In the pulp and sector, humic acids
are employed as coloring agents, durability enhancers, and protective additives that limit the
infiltration of harmful substances into wastewater. They are particularly used in the
production of dark-colored paper in combination with oils, waxes, and resins, and function as
modifiers of hydrophobic agents and barrier coatings. Overall, HA serves as a black pigment,
filler, functional modifier (in asphalt, oil, wax, resin-based systems), and as agents that reduce
the penetration of non-aqueous liquids in specialty paper manufacturing [113].
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Figure 3 —Applications of humic acids (HA) in industry and agriculture
Humic acids (HA) have found broad application beyond traditional used, including
roles in biofuel production (such as biohydrogen, bioethanol, biogas, and biodiesel) as

catalytic agents [114-121], in environmental remediation and wastewater treatment
[122,123], in advanced energy systems such as sodium/lithium-ion batteries and
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supercapacitors [124—126], as well as in medical, healthcare, and cosmetic industries
[127,128], and as feed additives in animal nutrition [129-133].

Within biofuel production, particularly in biomass pretreatment for bioethanol
generation, HA functions as an effective surfactant, delignifying agent, and solvent. For
example, the addition of 30 g/L of HA during wheat straw pretreatment increased lignin
removal from 16.6% to 35.6%, which consequently enhanced enzymatic hydrolysis efficiency
from 64.9% to 78.2% [114]. This improvement is mainly associated with the structural
similarity between HA and lignin, both of which contain polar functional groups (e.g.,
hydroxyl, phenolic, and carboxyl groups) along with nonpolar aromatic structures. Under
alkaline conditions, hydrogen bonding between HA and lignin promotes the formation of
covalent linkages through esterification reactions [114]. Moreover, due to their surfactant and
catalytic behavior, HA can simplify the bioethanol production process by improving filtration
efficiency and reducing the need for conventional steps such as precipitation and
centrifugation [121]. In anaerobic digestion processes for biogas generation, HA exhibits both
stimulatory and inhibitory effects depending on the stage, including hydrolysis, acidogenesis,
and methanogenesis. Their functionality is diverse, as they may act as surfactants, binding
agents, terminal electron acceptors, electron shuttles, organic complexing agents, and pH
regulators [117—119]. Moreover, HA indirectly affects anaerobic fermentation by modulating
the bioavailability, transformation, and biological activity of external contaminants, including
heavy metals, organohalogen compounds, microplastics, and antibiotics [116].

Humic acids (HA) are distinguished by their amphiphilic architecture, negatively
charged surfaces, amorphous aliphatic domains, and pronounced redox properties, which
collectively enable them to function as effective electron shuttles, facilitating electron transfer
from microorganisms to oxidized organic contaminants and metal ions [123]. This property
underlies their potential application in the remediation of contaminated soil and water systems
using HA.

Recent studies indicate that humic acids have significant commercial value and
considerable potential for application across various industrial sectors. However, the natural
formation of HA is a slow process, resulting in structural heterogeneity and compositional
variability, which limits their broader utilization. The content of HA extracted from different
natural carbonaceous materials is limited and strongly dependent on the geographical origin
of the raw material, making it insufficient to meet the growing global demand. Furthermore,
natural carbonaceous resources used for HA production are non-renewable, and their reserves
are gradually declining, while high-quality sources are becoming increasingly difficult to
access. Therefore, the development of novel methods for the synthetic production of HA with
high yield and efficiency remains a critical challenge for researchers.

Conclusion. In conclusion, humic substances (HS), including humic acids, fulvic
acids, and humin, represent multifunctional natural compounds with significant potential for
application in modern agriculture. Their involvement in the regulation of soil and biological
processes, as well as their ability to act as plant growth biostimulants, underpins their
importance in enhancing agroecosystem productivity. Numerous studies demonstrate that the
application of humic-based products improves nutrient uptake, stimulates root system
development, and increases plant resistance to both abiotic and biotic stresses. In addition,
humic substances exert a complex positive effect on soil properties, including the
improvement of soil structure, enhancement of microbial activity, and increased
bioavailability of macro- and micronutrients. However, despite the substantial body of
accumulated research, the full potential of humic substances remains unrealized. Their
practical application is still limited due to the high variability in composition depending on
raw materials and extraction methods, the lack of standardized quality criteria, and
insufficient reproducibility of results. A major scientific challenge remains the absence of a

213



unified concept describing the molecular organization of humic substances, which are
currently regarded as dynamic supramolecular systems. Another limitation is the insufficient
understanding of their mechanisms of action at the molecular and cellular levels. In particular,
deeper insights are required into their effects on plant signaling pathways, hormone-like
activity, and nutrient transport processes. In the context of global environmental challenges,
including soil degradation and climate change, humic substances are gaining increasing
importance as a key component of sustainable and low-carbon agricultural technologies. Their
ability to participate in the stabilization of soil organic carbon and to enhance resource-use
efficiency makes them a promising tool for the transition toward environmentally sustainable
agricultural production.

Future research should therefore focus on the standardization of humic products, the
development of advanced methods for their molecular characterization, and the design of
scientifically grounded and technologically efficient approaches for their application. Thus,
humic substances possess substantial potential for integration into modern agrotechnologies;
however, their realization requires a comprehensive interdisciplinary approach aimed at
overcoming existing scientific and practical limitations.
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I'YMUHUII BATTAPABIH AYBLJI LHAPY AIUBUIBIF BIHAATBI KOJJIAHBIJTYbI:
IKOJOI'UAJIBIK KAYIIICI3AIK KOoHE KOJITAHY TUIMALIITT — IIOJIY

Epekemona I'.A.!, 8D052018 «Br0OIKONOTHAIBIK MHXKEHEPHs OLTiM Gepy GarnapaamMachiHbIH 2-
KypC JOKTOPAHTBI
Ka6apaxmanosa C.K.!, TexHUKa FBUIBIMIAPBIHBIH KAHIAUIAThI, KAybIMIACTHIPBLIFAH IIPOhECccop
Kaoapaxmanosa A.K.'">3, PhD, ara FeUIBIMU KbI3METKED
Iaiimapaan E.%*4, PhD, ara FeUIbIME KBI3METKED
BeiicedexoB M.M.2, PhD, ara FeUIBIMU KBbI3METKEP

'K. 1. Combaee amvindazvl Kazax ynmmuix 3epmmey mexHuxanwlx yuugepcumemi, Aimamet .,
Kazaxcman
KIIC «Komnosummi mamepuandap evinvimu opmanviably, Anmamet K., Kazaxeman
3 «TrueSciencey evinvimu 3epmmey uncmumymul, Anmamul K., Kazaxcman
KIIC “SciCom”, Acmana x., Kazaxcman

Anparna. ['ymunai 3artap (I'3) TONBIpaKThIH OpPraHUKAJBIK 3aTBIHBIH MaHBI3/IbI Kypamjac
Oeuiri OONBINT TaOBUIAABI JKOHE TYPaKThl aybUl INApPYyallbUIBIFBIHIA KOJJIAHBUIATBIH JKOJOTHSIIBIK
Kayirnciz  Ouonpenaparrapibl  o3ipJeyAiH MNEepCHeKTHBANbl  HEri3li peTiHge KapacThIPbLIAIbI.
TonblpakTelH kahaHOBIK — AETpajallisiChl  KOHE  arpodKOXYHeNepAiH eHIMAIUITiIH  apTThIpY
KaXXCTTUIITHIH apTybl KaraalblH/a TOTBIPAK KYHAPIBUIBIFBIH KaKCApPTyFa dKoHE OCIMIIKTEP/IiH 6CyiH
BIHTAJIAHABIPYFa KaOUIETTI TaOWFM KOCBUIBICTAPFa KBI3BIFYLIBUIBIK apThil Keneai. Ocbl 1monyna
TYMHUHJII 3aTTapAblH LIBIFY Terl, KYPbUIBIMBL, (DU3MKO-XMMHSUIBIK KAaCHETTEpl >KoHE OMOJIOTHSIIBIK
OCNCeHTITT Typalibl 3aMaHayd FhUIBIMU JIEpEKTep JKUHAKTANbIN, COHJAAN-aK oNapJblH TOIbIPaK
JKOXKYHENepiHiH KbI3METIHJAErT peii  KapacThIpbUIFaH. [yMUHII  3aTTapjblH  OpraHHKaJbIK
KaJIBIKTapIblH TYMH(UKAIUSICH MPOLECiHAe TY3UICTIHI oHE opTYpii (YHKUIHMOHAIIBIK TOMTApPIbI
KaMTHUTBIH KYPJETl MOJICKYTAIbIK KYPhUIBIMBIMEH CHITATTAIATHIHBL, OYJI OJIApABIH KOFAaphl XUMUSUIBIK
JKOHE OMOJIOTMSUIBIK OCIICEHAUIINH KaMTaMachl3 €TEeTiHI KepceTiired. ['yMuHIl 3aTTap KelIeH TY3y,
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MOH anMacy J>oHE JJICKTPOHIApAbl TachIMajiay TMpOLecTepiHe KaThICy KaOUIeTiHiH apKachblHIa
TONBIPAKTAFbl HETI3T1 IMPOIEeCTepAl PETTEHIi, OHBIH IIINHAE KOPEKTIK 3JEMEHTTEPIIH alHAIBIMBI,
KOMIPTEKTI CEKBECTpJIey, TONBIPAK KYPBUIBIMBIHBIH KaJBIITACYBl JKOHE JIACTAYIIBl 3aTTap/bl
JeTokcukanusiay Oap. 'yMuHmi 3aTTapAblH eciMIikTepre (QU3MONOTHSIIBIK OCEpiHE epeKIle Hazap
aymapbutrad. OnapIblH TOPMOHFA YKCac KAaCHETTep KOpCeTe aaThIHBI, TaMBIP XXYHECIHIH JaMybIH
BIHTAJIAHIBIPATHIHBI, META0OIM3MIIK TPOIIECTEP I OCICEHIIPETIHI XKOHE OCIMIIKTEPIiH aOHMOTHKAIIBIK
cTpecc (akTopiapblHa TO3IMALIITIH apTTHIPAaThIHBI KepceTireH. COHbIMEH KaTap, TYMUHII 3aTTap
MaKpo OHE MHUKPOAJIEMEHTTEPAIH OMOKETIMALIITiH apTTBIPYyFa, TOIBIPAKTHIH Cy ycTay KabijeTiH
JKaKCapTyFa )KoHE TOIBIPAK MUKPOOMOTACHIHBIH OCJICEHAIITIH KYIIEUTYTe BIKITAT €TEe/Ii.

Hlonmyna conpaii-ak TaOWFM KOMHPTEKKYpaMIbl MaTepHalgapiaH TYMHUH KBIIIKbUILIAPEIH
aNyAblH 3aMaHayd oicTepl KapacThIPbUIFaH, OHBIH IIIIHAE XUMHSJIBIK, MEXaHOXHUMHUSIIBIK,
THAPOTEPMAIIBIK, OMOXMMUSUIBIK OIicCTep, COHOAal-aK YJIbTPAAbIOBIC, MHUKPOTOJKBIHIAD JKOHE
ANEKTPOMArHUTTIK  OpICTEpAl  KONJaHy  apKbUIBI  TPOLECTepAi  KapKbIHAATY  TacLimepi
KaMTBUIFAH.OPTYPJIi  TEXHOJIOTHSUIAPABIH  apTHIKIIBUIBIKTAPEl MEH IIEKTeyJepi, >KOHE OJapblH
9KOJIOTHSUTBIK ACTIEKTiJIepi KOPCETIIITeH.

Ochinaiiima, TYMHHAI 3aTTap TONBIpaK KYHAPIBIFBIH apTTBIPYFa, arpodKOKyHenepaiy
TYPaKTBUIBIFBIH KaMTaMachl3 €Tyre JKoHE aybUIIapyallbUIbIFbIHA apHAJIFaH OHOJOTHSUIBIK OelceH i
npenapaTTapIsl d3ipieyre eneyii oJeyeTKe He KON(QYHKIHOHAIABI TaOMFU KOCBUIBICTap pETiHIe
KapacTelpbutafel.  Onapabl KOJJTAHY OSKOJOTHSIBIK OaFbITTalFaH eTIHIIUIK TEXHOJOTHSIIAPhIH
JIAMBITYFa JKOHE Ka3ipri 3aMaHFbI a3bIK-TYJIK Kayilci3airi MeH KOpIlaraH OpTaHbl KOpFay Macelenepin
Hrenryre >kaHa MyMKIHIIKTEp alajibl.

Tipex ce3mep: rymMuHAI 3aTTap, TYMUH KBIIIKBUIAAPHI, TOMBIPAKTHIH OPTAaHUKAJIBIK 3aThl,
©CiM/IIK OMOCTHMYIIATOPBI, TONBIPAK KYHAPIBUIBIFEI, TYPAKThI aybLT [IaPyalIbUIBIFbL.
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AnHoTtamus. ['ymuHOBBIe BemiecTBa (I'B) SBISIOTCS Ba)XKHBIM KOMIIOHEHTOM IOYBEHHOTO
OpPraHUYECKOr0 BELIeCTBA M PAacCMAaTPUBAIOTCS KakK IEPCHEKTHBHAsh OCHOBAa I pa3paboTKu
9KOJIOTHYECKH O€30MacHBIX OMONpenapaToB, MPUMEHIEMBIX B YCTOWYMBOM CEJIBCKOM XO3sicTBe. B
YCIOBHAX TIIOOANBHONW AErpajald MOYB M POCTa MOTPEOHOCTH B IMOBBIMIEHHH MPOIYKTHBHOCTH
arpo3KOCUCTEM BO3PaCTaET MHTEPEC K MPUPOIHBIM COETUHEHHSIM, CIOCOOHBIM YITydIIaTh MII00POIHIE
MIOYB U CTUMYJIUPOBATh POCT pacTeHuil. B manHOM 0030pe 00001eHb COBpeMEHHbIE HayYHbIE JaHHbIE
0 TPOUCXOKACHUH, CTPYKTYpe, (DU3MKO-XMMHUYECKHX CBOHCTBaX M OMOJOTMYECKOH aKTHBHOCTH
TYMHHOBBIX BEIIECTB, & TaK)K€ PACCMOTPEHA WX POJb B (PYHKIMOHMPOBAHUY TIOYBEHHBIX HKOCHCTEM.
ITokazaHo, YTO TYMHUHOBBIE BEIIECTBA 0OPA3YIOTCS B MPOIIECCe TyMHU(PHUKAIIMA OPTAaHUIECKUX OCTaTKOB
U XapakTEepHU3yIOTCA  CIOKHOHM  MOJEKYJSIPHOM  CTPYKTYpoH, cojepXkalled  pa3lndHbIe
(GyHKIMOHAIBHBIE TPYNIbI, OOECHEYMBAIOIINE WX BBICOKYID XHMHUYECKYI0 W OHOJOTHYECKYIO
aKTHBHOCTH. braromapst cmocoOHOCTH ydacTBOBaTh B IIPOIECCAaX KOMIUIEKCOOOpa30BaHMUS, MOHHOTO
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o0OMEHa U MepeHoca >IEKTPOHOB, TYMHHOBBIC BELECTBA PETYIUPYIOT KIIOUEBBIE TPOLIECCHl B MTOYBE,
BKJII04asi KPYTOBOPOT IHUTATEIbHBIX 3JIEMEHTOB, CEKBECTPALIUIO YIIepo1a, GopMupoBaHne MOYBEHHON
CTPYKTYpbl W  JETOKCHKAlMIO  3arpsasHsAlomux — BemecTB. Ocoboe  BHUMaHME — YIENICHO
($U3N0IOrNIeCKOMY BO3JCHCTBUIO TYMHHOBBIX BEHIECTB Ha pacTeHHs. [lokazaHO, YTO OHM CIIOCOOHEI
IPOSIBIISITH TOPMOHOIIOAOOHBIE CBOMCTBA, CTUMYJHMPYS Pa3BUTHE KOPHEBOM CHUCTEMBI, aKTHBUPYS
METa00IMYEeCKHEe IPOLIECChl U MOBBIIIAs YCTOHYMBOCTh pacTeHHH K aOuotudeckuM ctpeccaM. Kpome
TOTO, TYMHHOBBIE BELIECTBA CIIOCOOCTBYIOT  TOBBIIICHWIO  OWOJOCTYIMHOCTH  MAakpo- H
MHUKPO3JIEMEHTOB, YIYYLICHUIO BOJOYIEPKHUBAIOIICH CIOCOOHOCTH OYBHI ¥ aKTUBH3ALIUHU IOYBEHHON
MHUKpPOOHOTEL. B 0030pe Taxke paccCMOTPEHbI COBPEMEHHBIE METO/IbI MOTYYEHHUS! TYMUHOBBIX KHCIOT
U3 MPUPOAHBIX YITIEPOJACOAEPKAIINX MAaTEpPHajOB, BKIIOYAs XUMHYECKHE, MEXaHOXHMHYECKHE,
THIpOTepMalbHble, OMOXMMHUYECKHE M METOIbl HMHTEHCH(HUKAIMU MPOLECCOB C TNPHUMEHEHHEM
YIIBTPa3ByKa, MUKPOBOJH U 3JICKTPOMAarHWTHBIX Hojed. [lokazaHpl mpeuMyIiecTBa U OTpaHUYEHUS
Pas3INYHBIX TEXHOJIOTHH, a TAKXKE UX KOJIOIMYECKHE aCEeKThl. TakuM 00pa3oM, I'yMHHOBBIE BELIECTBA
paccMaTpUBaOTCS  Kak  MHOTO(YHKIHMOHANBbHBIE  TMPHUPOJHBIE  COCAMHEHHS,  O0Najaromne
SHAYUTCIIbHBIM IMOTCHIHUAIOM JJId IMOBBIMICHUA IJIOAOPOANA I1OYB, yCTOfI‘-IHBOCTH AIr'pO3KOCUCTEM U
pa3paboTKN OHMOJIOTHYECKH AKTHUBHBIX MPENapaToB AJISl CENbCKOro XxossiicrBa. VX ucmonp3oBaHue
OTKPBIBAET HOBBIC BO3MOXHOCTU [JIA Pa3sBUTHA OSKOJOTHYCCKH OPUCHTHUPOBAHHBIX TEXHOJIOT U
3eMIIeJieNIsl U PELICHUS COBPEMEHHBIX NPOOJIEM TNPOJOBOJIBCTBEHHONW O€30MacHOCTH U OXPaHbBI
OKPY>KaroLlEl cpebl.

KiroueBble cjioBa: TyMHUHOBBIE BELIECTBA, TYMHUHOBBIE KHCIOTHI, IOYBEHHOE OPraHUYECKOE
BEIICCTBO, OMOCTUMYIISITOPEI paCTEHHH, TI00POANE TMTOYBBI, YCTORYNBOE CETLCKOE XO3SHCTBO.
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